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Purpose: The prevalence of mild cognitive impairment (MCI) in patients with type 2 diabetes (T2D) is rapidly increasing. Thyroid
hormones are key regulators of cognitive function in adults. The purpose of this study was to investigate the relationship between
thyroid hormone sensitivity and MCI in euthyroid T2D patients.

Patients and Methods: A total of 400 euthyroid T2D patients were enrolled in this cross-sectional study, including 218 patients with
normal cognition and 182 MCI patients. The Montreal Cognitive Assessment (MoCA) was used to evaluate cognitive function. The free
trilodothyronine to free thyroxine (FT3/FT4) ratio was calculated as a measure of peripheral sensitivity to thyroid hormones; the thyroid-
stimulating hormone index (TSHI), thyrotrophic thyroxine resistance index (TT4RI) and thyroid feedback quantile-based index (TFQI)
were calculated as measures of central sensitivity to thyroid hormones. Linear regression analysis and logistic regression analysis were
performed to explore the relationships between these indices of thyroid hormone sensitivity and the MoCA score and MCI, respectively.
Results: Compared with the normal cognitive function group, patients in the MCI group had higher TSHI, TT4RI and TFQI but
a lower FT3/FT4 ratio (P<0.05). The MoCA score was positively correlated with the FT3/FT4 ratio but negatively correlated with
TSHI, TT4RI and TFQI (P< 0.05). Multivariate logistic regression analysis showed that a low FT3/FT4 ratio and high TSHI, TT4RI
and TFQI were independently associated with MCI (P<0.05). After adjustment for confounding factors, the odds ratio (OR) for the
association between MCI and the highest tertile of the FT3/FT4 was 0.455 (95% CI: 0.264-0.785), for the highest tertile of TSHI, the
OR was 2.380 (95% CI: 1.376-4.119), for the highest tertile of TT4RI, the OR was 2.342 (95% CI:1.353-4.054), and for the highest
tertile of TFQI, the OR was 2.536 (95% CI: 1.466—4.387) (P< 0.05).

Conclusion: Impaired sensitivity to thyroid hormones is associated with MCI in euthyroid T2D patients.
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Introduction
The type 2 diabetes (T2D) epidemic is a global public health problem. The burden of T2D and its associated complications is
rapidly increasing.' Aside from the traditional macrovascular and microvascular complications, mild cognitive impairment
(MCI; an intermediate stage between healthy aging and dementia) and dementia are also closely associated with T2D.?
A cohort study revealed that T2D can increase the risk of MCI by 1.39 times.> More concerning is that T2D can also accelerate
the conversion of MCI to dementia, thus affecting the quality of life of patients and aggravating the burden on families and
society.* Therefore, it is of great clinical significance to identify and manage MCI in T2D patients as soon as possible.
Thyroid hormones are known to play an important role in maintaining cognitive function during both the prenatal
developmental stage and adulthood.>® Thyroid dysfunction is considered a risk factor for cognitive impairment.”® Previous

studies have confirmed that both overt hypothyroidism and overt hyperthyroidism are closely related to cognitive dysfunction.”'
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Similarly, subclinical hypothyroidism and subclinical hyperthyroidism may also increase the risk of cognitive impairment.'*'!

Even in the euthyroid population, changes in serum thyroid-stimulating hormone (TSH) and thyroid hormones may affect
cognitive function. A prospective cohort study found that a lower serum free triiodothyronine (FT3) level, but still within the
normal range, was associated with an increased risk of Alzheimer’s disease (AD).'> Meta-analyses and observational studies
have confirmed that high-normal serum free thyroxine (FT4) levels are associated with dementia.'*'* Many epidemiological
studies have reported that a lower serum TSH level, within the normal range, is an independent risk factor for MCI or AD.">""”
Conversely, some studies have found that higher serum TSH, in the normal range, is associated with poor cognitive
performance.'®!'” However, a recent large study did not find thyroid dysfunction to be associated with cognitive function or
incident dementia.”® Similarly, another study reported that subtle changes in serum thyroid hormones and TSH do not affect
cognitive function in older adults with normal thyroid function.”' The majority of available studies have evaluated thyroid
function by serum FT3, FT4, and TSH measures. However, thyroid hormone sensitivity more comprehensively reflects thyroid
homeostasis than serum hormone levels.?? Therefore, changes in thyroid hormone sensitivity may be a potential explanation for
these contradictory findings.

Researchers have recently developed a series of indices to assess thyroid hormone sensitivity. The thyroid feedback quantile
index (TFQI), proposed by Laclaustra et al, is a novel index for evaluating central sensitivity to thyroid hormones.** Other indices
reflecting central sensitivity to thyroid hormones include the TSH index (TSHI) and thyrotrophic thyroxine resistance index
(TT4RI1).*** The FT3/FT4 ratio reflects peripheral sensitivity to thyroid hormones. Several studies have shown that impaired
sensitivity to thyroid hormones is associated with metabolic diseases such as hypertension,® diabetes,” dyslipidemia,** fatty
liver,”” hyperhomocysteinemia,® hyperuricemia,” etc. However, no study has yet demonstrated the relationship between thyroid
hormone sensitivity and MCI. Therefore, the purpose of this study was to investigate the relationship between central and
peripheral sensitivity to thyroid hormones and MCI in euthyroid T2D patients based on the above indices.

Materials and Methods

Subjects

A total of 400 patients with T2D were enrolled in this study. Patients were recruited from the First Affiliated Hospital of
Harbin Medical University between January 2022 and December 2022 (Figure 1). The diagnosis of T2DM was based on
the diagnostic criteria of the American Diabetes Association.”® The exclusion criteria were as follows: 1) Type 1
diabetes or specific types of diabetes, acute complications of diabetes, or history of severe hypoglycaemia; 2) Thyroid
dysfunction (ie, overt or subclinical hyper/hypothyroidism), history of thyroid disease, history of thyroid surgery, or
history of medication that could influence thyroid function; 3) Neurological diseases that affect cognitive function,
mental illness, or a history of head trauma or surgery; 4) Auditory or visual impairment; 5) Acute and chronic infections,
severe liver or renal dysfunction, cancer and pregnancy; 6) incomplete data. This study complied with the Declaration of
Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Harbin Medical University. All

patients provided written informed consent.

Data Collection

Demographic and clinical data, including smoking and drinking history, education level, history of hypertension, duration of
diabetes, diabetes complications and diabetes medication, were collected by trained clinical coordinators using pre-designed
questionnaires. Height, weight and blood pressure were measured by skilled nurses in a quiet environment. The body mass
index (BMI) was calculated as follows: weight (kg) /height 2 (m?). Blood samples were taken after a 12-hour overnight fast.
The samples were tested for glycosylated haemoglobin Alc (HbAlc), fasting C-peptide, triglyceride (TG), total cholesterol
(TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL), uric acid (UA), creatinine (Cr), FT3, FT4, TSH,
thyroglobulin antibody (TgAb) and thyroid peroxidase antibody (TPOAb). HbA1c was measured by high-performance liquid
chromatography. Fasting C-peptide was determined using radioimmunoassay. TG, TC, LDL, HDL, UA and Cr were measured
utilizing an automatic biochemical analyser. The TC/HDL, TG/HDL and LDL/HDL ratios were calculated. FT3, FT4, TSH,

TgAb and TPOADb were measured using electrochemiluminescence immunoassays. The normal reference ranges for TSH,
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Total population
(n=502)

Exclusion (n=102):

1) type 1 diabetes or specific types of diabetes, acute
complications of diabetes, or history of severe hypoglycaemia;
2) thyroid dysfunction (i.e., overt or subclinical
hyper/hypothyroidism), history of thyroid disease, history of
thyroid surgery, or history of medication that could influence
thyroid function;

3) neurological diseases that affect cognitive function, mental
illness, or a history of head trauma or surgery;

4) auditory or visual impairment;

5) acute and chronic infections, severe liver or renal dysfunction,
cancer and pregnancy;

6) incomplete data.

Final population
(n=400)

Figure | Study flowchart.

FT4, FT3, TgAb and TPOAb were 0.35-4.94 mIU/L, 9.01-19.05 pmol/L, 2.63-5.70 pmol/L, <4.11 IU/mL and<5.61 IU/mL,
respectively.

Cognitive Function Assessment

MCI was determined according to the diagnostic guidelines for MCI developed by the National Institute on Aging and
the Alzheimer’s Association (NIA-AA) workgroups, as follows:*' 1) subjective memory complaint from the patient or
their family; 2) objective evidence of impairment in one or more cognitive domains, as assessed in this study using the
Beijing version of the Montreal Cognitive Assessment (MoCA-BJ); 3) preserved daily functional abilities; 4) no
dementia. The MoCA-BJ is a brief and sensitive screening tool for MCI. The maximum total MoCA score is 30. MCI
is defined as a MoCA score greater than or equal to 19 and less than 26; one point is added if the subject has less than 12

years of formal education.*?

Indices of Thyroid Hormone Sensitivity
The FT3/FT4 ratio was used as a measure of peripheral thyroid hormone sensitivity and was calculated as follows:

FT3/FT4 ratio = FT3 (pmol/L)/FT4 (pmol/L)

A higher FT3/FT4 ratio indicates higher peripheral sensitivity to thyroid hormones.
Indices reflecting central thyroid hormone sensitivity, including TSHI, TT4RI, and TFQI, were calculated as follows:

TSHI = Ln TSH(mIU/L)+0.1345 x FT4(pmol/L)**
TT4RI = FT4 (pmol/L) x TSH (mIU/L)**

TFQI = cdfFT4—(1 — cdfTSH)*
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Higher TSHI and TT4RI indicate lower central sensitivity to thyroid hormones. TFQI values range from —1 to 1, with
negative values indicating higher central sensitivity and positive values indicating lower central sensitivity.

Statistical Analyses

A required sample size of 192 participants was estimated using G¥*Power version 3.1 with the power set at 0.8, alpha at
0.05, and a small effect size (OR=1.68). A total of 400 patients were included in this study, which was an adequate sam-
ple size. The normality of continuous variables was tested using the Kolmogorov—Smirnov method. Continuous variables
with normal distributions were expressed as the mean + standard deviation and compared using two-sample indepen-
dent t-tests. Continuous variables with skewed distributions were expressed as medians (interquartile ranges) and
compared using the Mann—Whitney U-test. Categorical variables were expressed as percentages and compared using
the Chi-square test. Linear regression analysis was used to investigate the relationships between thyroid parameters and
the MoCA score. Univariate and multivariate logistic regression analyses were used to explore the relationships between
indices of thyroid hormone sensitivity and MCI. In addition, stratified analysis by age was performed to explore the
potential effect of age on the relationships between indices of thyroid hormone sensitivity and MCI. The statistical
analyses were performed using SPSS version 25.0, and p-values <0.05 were considered statistically significant.

Results

Baseline Characteristics

The baseline characteristics of the subjects are presented in Table 1. Of the 400 T2D subjects, 218 had normal cognitive
function (MoCA >26; 126 men and 92 women) and 182 had MCI (19<MoCA<26; 91 men and 91 women). Patients in
the MCI group were older, had a longer diabetes duration, and had higher FT4, TSH, TSHI, TT4RI and TFQI values
compared with patients in the normal cognitive function group (P<0.05). However, the education level, MoCA score,
fasting C-peptide, UA, FT3 and FT3/FT4 values in the MCI group were lower than those in the normal cognitive
function group (P<0.05). No statistically significant differences were observed between the two groups in terms of sex,
BMI, blood pressure, smoking and drinking history, hypertension history, HbA1C, TC, TG, HDL, LDL, TC/HDL ratio,
TG/HDL ratio, LDL/HDL ratio, Cr, TgAb, TPOADb, diabetic retinopathy (DR), diabetic nephropathy (DN), diabetic

Table | Baseline Characteristics Between the Normal Cognitive Function Group and the MCI

Group
Variables NCF Group (n=218) | MCI Group (n=182) P-value
Age (years) 56.5(50-62) 62.5 (56-67.25) <0.001
Sex (Male, %) 126(57.8%) 91(50%) 0.119
Duration of diabetes (years) 6(1-11.25) 10(4-18) <0.001
BMI (kg/m2) 24.68(23.28-27.14) 24.65(23.05-26.39) 0.248
SBP (mmHg) 138(126-148) 137.5(124-150) 0.997
DBP (mmHg) 78(72-83) 77(69-85) 0.402
Education level (years) 11(8-12) 9(8-12) 0.004
Current smoking (%) 57(26.1%) 47(25.8%) 0.942
Habitual alcohol drinking (%) 66(30.3%) 44(24.2%) 0.227
History of hypertension (%) 108(49.5%) 90(49.5%) 0.986
HbAIC (%) 7.95(7-9.43) 8.2(7.10-9.63) 0.330
(Continued)
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Table | (Continued).
Variables NCF Group (n=218) | MCI Group (n=182) P-value
Fasting C-peptide (ng/mL) 2.51(1.70-3.53) 2.18(1.44-3.21) 0.023
TC (mmol/L) 4.59(3.95-5.29) 4.77(4.01-5.58) 0.214
TG (mmol/L) 1.62(1.19-2.44) 1.53(1.15-2.21) 0.127
HDL (mmol/L) 1.05(0.92—-1.25) 1.09(0.92—-1.25) 0.540
LDL (mmol/L) 2.78(2.40-3.40) 2.86(2.30-3.37) 0.815
TC/HDL 4.39(3.63-5.36) 4.38(3.59-5.29) 0.823
TG/HDL 1.61(1.03-2.65) 1.46(0.96-2.18) 0.130
LDL/HDL 2.79(2.16-3.28) 2.71(2.07-3.25) 0.321
UA (umol/L) 356.6(288.70-425.35) | 326.45(273.13-400.90) 0.023
Cr (umol/L) 58.35(49.85-69.05) 58.30(47.65-70.40) 0.819
FT3 (pmolL) 4.24(3.95-4.64) 4.14(3.72-4.50) 0.003
FT4 (pmol/L) 12.26(11.50-13.38) 12.93(12.04-13.77) 0.001
TSH (mlIU/L) 1.45(0.98-2.01) 1.61(1.18-2.45) 0.034
TgAb (IU/mL) 0.87(0.56—1.46) 0.98(0.62—-1.75) 0.153
TPOADb (IU/mL) 0.61(0.37—1.24) 0.67(0.38-1.51) 0.307
FT3/FT4 0.33(0.31-0.37) 0.32(0.29-0.35) 0.001
TSHI 2.04+0.51 2.17+0.65 0.022
TT4RI 17.51(12.47-24.11) 21(14.68-31.13) 0.006
TFQI —0.07(—0.54-0.36) 0.07(—0.37-0.60) 0.034
MoCA score 27(26-28) 24(23-25) <0.001
Diabetic retinopathy (%) 51(23.4%) 41(22.5%) 0.837
Diabetic nephropathy (%) 34(15.6%) 26(14.3%) 0.715
Diabetic peripheral neuropathy (%) 54(24.8%) 41(22.5%) 0.6
Lower limb atherosclerosis (%) 167(76.6%) 132(72.5%) 0.350
Carotid atherosclerosis (%) 148(67.9%) 116(63.7%) 0.383
Insulin use (%) 124(56.9%) 89(48.9%) 0.111
Metformin use (%) 126(57.8%) 113(62.1%) 0.384
SGLT-2 inhibitor use (%) 42(19.3%) 35(19.2%) 0.993
DPP-4 inhibitor use (%) 88(40.4%) 85(46.7%) 0.203
Statins use (%) 97(44.5%) 77(42.3%) 0.660

Abbreviations: NCF, normal cognitive function; MC, mild cognitive impairment; BMI, body mass index; SBP, systolic

blood pressure; DBP, diastolic blood pressure; HbAlc, hemoglobin Alc; TC, total cholesterol; TG, triglyceride; HDL, high

density lipoprotein; LDL, low density lipoprotein; UA, uric acid; Cr, creatinine; FT3, free triiodothyronine; FT4, free

thyroxine; TSH, thyroid-stimulating hormone;TgAb, thyroglobulin antibody; TPOAb, thyroid peroxidase antibody; TSHI,

thyroid-stimulating hormone index; TT4RI, thyrotrophic thyroxine resistance index; TFQI, thyroid feedback quantile-based

index.
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peripheral neuropathy (DPN), lower-limb atherosclerosis, carotid atherosclerosis, insulin use, metformin use, sodium-
glucose cotransporter-2 (SGLT-2) inhibitor use, dipeptidyl peptidase-4 (DPP-4) inhibitor use and statins use (P>0.05).

Relationships Between Thyroid Parameters and the MoCA Score
Univariate linear regression analyses showed that FT3 (p=0.179, P<0.001) and FT3/ FT4 (B=0.273, P<0.001) were
positively associated with the MoCA score. FT4 (=—0.205, P<0.001), TSH (p=-0.138, P=0.006), TSHI (p=—0.169,
P=0.001), TT4RI (B=—0.181, P<0.001) and TFQI (p=—0.127, P=0.011) were negatively associated with the MoCA score.
Multivariate linear regression analysis showed that after adjusting for age, sex, diabetes duration, education level,
BMI, drinking history, hypertension history, HbA1C, fasting C-peptide, UA and DPN, the MoCA score remained
positively associated with FT3 (=0.130, P=0.003) and FT3/ FT4 (f=0.196, P<0.001) but negatively associated with
FT4 (B =—0.171, P<0.001), TSH (B =—0.122, P =0.005), TSHI (p=—0.145, P=0.001), TT4RI (=—-0.157, P<0.001) and
TFQI (B=—0.111, P =0.011) (Table 2).

Associations Between Indices of Thyroid Hormone Sensitivity and MCI

After adjustment for age, sex, diabetes duration, education level, BMI, drinking history, hypertension history, HbAlc,
fasting c-peptide, UA and DPN, higher TSHI (OR=1.493, 95% CI=1.018-2.190, P=0.040), TT4RI (OR=1.025, 95%
CI=1.006-1.044, P=0.009), and TFQI (OR=1.483, 95% CI=1.013-2.170, P=0.043) scores were associated with an
increased risk of MCI, while a lower FT3/FT4 ratio (OR=0.001, 95% CI=0-0.050, P=0.001) was associated with an
increased risk of MCI. Similar results were observed in the unadjusted model and the age-sex-adjusted model.

The indices for evaluating thyroid hormone sensitivity were divided into tertiles. In the multivariate-adjusted model,
compared with the first tertile, the OR values for the highest tertiles of the FT3/FT4 ratio, TSHI, TT4RI and TFQI were
0.455 (95% CI=0.264-0.785) (P for trend=0.005), 2.380 (95% CI=1.376-4.119) (P for trend=0.002), 2.342 (95%
CI=1.353-4.054) (P for trend =0.002) and 2.536 (95% CI=1.466—4.387) (P for trend=0.001), respectively. This is
similar to the results of the unadjusted model and the age-sex-adjusted model (Table 3).

The associations between the indices of thyroid hormone sensitivity and MCI were then explored after stratifying the
population by age, and the interaction effects were further investigated. After adjusting for confounding factors, there
were no interaction effects between indices of thyroid hormone sensitivity and age on MCI (all P values for interac-
tions>0.05) (Figure 2).

Discussion

To our knowledge, this study is the first to explore the relationship between sensitivity to thyroid hormones and MCI in
T2D patients with normal thyroid function. The main findings are summarized as follows: 1) Compared with the normal
cognitive function group, patients in the MCI group had higher TSHI, TT4RI and TFQI, but a lower FT3/FT4 ratio; 2)
The MoCA score was negatively correlated with TSHI, TT4RI, and TFQI but positively correlated with the FT3/FT4
ratio; 3) High TSHI, TT4RI and TFQI were independent risk factors for MCI. A low FT3/FT4 ratio was an independent
risk factor for MCIL.

Thyroid hormones are essential for the development and function of the central nervous system (CNS).%** Thyroid
hormones are involved in many CNS activities, including neurogenesis, neuronal plasticity processes, regulation of
growth factors and neurotransmitters, and regulation of cytoskeleton dynamics.>”**> The relationship between thyroid
function and cognitive impairment has been a hot topic for researchers and clinicians. Previous epidemiological
investigations have shown that both hypothyroidism and hyperthyroidism increase the risk of cognitive impairment.”®
Animal experiments have indicated that hypothyroidism may disrupt cognitive function by reducing hippocampal
synaptic plasticity and altering the expression of growth factors and neurotransmitters.>* In addition, hypothyroidism
promotes tau hyperphosphorylation, which is a key pathological feature of AD.? Imaging evidence has suggested that
hypothyroidism reduces the hippocampus volume and cerebral blood flow, leading to cognitive decline.’
Hyperthyroidism may induce oxidative stress and damage neurons, affecting cognitive function.”® Subtle changes in
thyroid hormone levels have also been reported to be associated with cognitive impairment in the euthyroid population.
However, to date, the findings are conflicting. The study by Quinlan et al found that low serum FT3 was strongly
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Table 2 Relationships Between Thyroid Parameters and the MoCA Score

Variables Model | Model 2 Model 3
B SE B t P-value B SE B t P-value B SE i) t P-value

FT3 0.602 0.166 0.179 3.625 <0.001 0.45 0.154 0.134 292 0.004 0.439 0.149 0.13 2.946 0.003
FT4 —0.305 0.073 —0.205 —4.174 <0.001 —0.305 0.067 —0.205 —4.581 <0.001 —0.255 0.065 —-0.171 -3.931 <0.001
TSH —0.290 0.104 —0.138 —2.787 0.006 —0.246 0.095 —=0.117 —2.578 0.010 —0.256 0.091 —-0.122 -2.814 0.005
FT3/FT4 9.601 1.697 0.273 5.656 <0.001 8515 1.563 0.242 5.449 <0.001 6.91 1.539 0.196 4491 <0.001
TSHI —0.593 0.174 —0.169 -3413 0.001 —0.543 0.159 —0.154 -3411 0.001 —0.509 0.152 —0.145 —3.345 0.001
TT4RI —0.030 0.008 —0.18l —3.667 <0.001 —0.027 0.008 —0.161 —3.551 <0.001 —0.026 0.007 —0.157 —3.623 <0.001
TFQI —0.453 0.177 —-0.127 —2.555 0.011 —0.415 0.162 =0.117 —2.562 0.011 —0.394 0.155 =0.111 —2.546 0.011

Notes: B, unstandardized beta coefficient; SE,

standard error for unstandardized beta; 3, standardized beta coefficient; t, t statistic. Model I: Crude model; Model 2:
education level, BMI, drinking history, hypertension history, HbAIC, fasting C-peptide, UA, and DPN.

adjust for age and sex; Model 3: adjust for age, sex, diabetes duration,

Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone;TSHI, thyroid-stimulating hormone index; TT4RI, thyrotrophic thyroxine resistance index; TFQI, thyroid feedback quantile-based index.
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Table 3 Associations Between Indices of Thyroid Hormone Sensitivity and MCI

Variables Model | Model 2 Model 3
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
FT3/FT4 0.001(0-0.027) <0.001 0.001(0-0.036) <0.001 0.001(0-0.050) 0.001
TI (<0.31) Reference Reference Reference
T2 (0.31-0.35) 0.687(0.424-1.112) 0.127 | 0.725(0.433-1.214) 0.222 0.691(0.405-1.180) 0.176
T3 (>0.35) 0.487(0.299-0.795) 0.004 0.455(0.269-0.769) 0.003 0.455(0.264-0.785) 0.005
P trend 0.004 0.003 0.005
TSHI 1.501(1.058-2.128) 0.023 1.522(1.047-2.214) 0.028 1.493(1.018-2.190) 0.040
Tl (<1.88) Reference Reference Reference
T2 (1.88-2.33) 1.436(0.879-2.346) 0.149 1.442(0.856-2.429) 0.169 1.393(0.813-2.386) 0.227
T3 (>2.33) 2.221(1.368-3.633) 0.001 2.417(1.422-4.109) 0.001 2.380(1.376-4.119) 0.002
P trend 0.001 0.001 0.002
TT4RI 1.024(1.007—1.042) 0.005 1.025(1.007—1.044) 0.007 1.025(1.006—1.044) 0.009
Tl (<15.16) Reference Reference Reference
T2 (15.16-23.58) | 1.299(0.796-2.121) 0.295 1.343(0.798-2.260) 0.266 1.263(0.734-2.172) 0.399
T3 (>23.58) 2.107(1.292-3.438) 0.003 2.345(1.382-3.979) 0.002 2.342(1.353-4.054) 0.002
P trend 0.002 0.001 0.002
TFQI 1.455(1.030-2.057) 0.033 1.484(1.025-2.151) 0.037 1.483(1.013-2.170) 0.043
T (<-0.35) Reference Reference Reference
T2 (—0.35-0.30) 1.640(1.002-2.683) 0.051 1.717(1.016-2.901) 0.050 1.594(0.925-2.747) 0.093
T3 (>0.30) 2.215(1.355-3.621) 0.002 2.451(1.445-4.157) 0.001 2.536(1.466—4.387) 0.001
P trend 0.002 0.001 0.001

Notes: Model |: Crude model; Model 2: adjust for age and sex; Model 3: adjust for age, sex, diabetes duration, education level, BMI, drinking
history, hypertension history, HbAIC, fasting C-peptide, UA, and DPN.

Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine; TSHI, thyroid-stimulating hormone index; TT4RI, thyrotrophic thyroxine
resistance index; TFQI, thyroid feedback quantile-based index.

associated with AD in people with normal thyroid function, while neither serum TSH nor FT4 was associated with AD
risk.'? The Rotterdam study found that elevated serum FT4 was associated with a higher risk of dementia, while elevated
serum TSH was associated with a reduced risk of dementia in euthyroid individuals.'® Hogervorst et al found that high
serum FT4 was associated with poor cognitive performance in people with normal thyroid function, but this study found
no relationship between serum TSH and cognitive impairment.'* Johansson et al identified elevated serum TSH in
euthyroid AD patients compared to healthy controls. However, there were no significant differences in serum FT3 and
FT4 between the two groups.'® A Mendelian randomization study also found that serum FT4 level was not associated
with AD. However, in contradiction to the Johansson et al study, a causal relationship between reduced serum TSH, in
the normal range, and an increased risk of AD was observed.'® In short, the relationships between cognitive function and
serum FT3, FT4 and TSH levels in the general euthyroid population are unclear.

At present, studies on the relationships between thyroid hormones and MCI in euthyroid T2D patients are very limited.
Zhang et al found that low serum FT3 may be related to MCI in T2D patients without diagnosed thyroid disease, while there
seemed to be no significant associations between MCI and serum FT4 and TSH levels.’” Our results are not entirely consistent
with previous studies. In the current study, low serum FT3 and high serum FT4 and TSH were positively associated with MCI.
These results are contradictory to the above studies, suggesting that thyroid hormones or TSH alone may not be sufficient to
explain the relationship between the thyroid system and cognitive impairment. Recently, Laclaustra et al proposed that there
may be a mild acquired resistance to thyroid hormones in the general population.”® Physiologically, thyroid hormones are
negatively correlated with TSH due to the negative feedback loop regulation of the hypothalamic-pituitary-thyroid (HPT)
axis.*® However, individuals with mild resistance to thyroid hormones have coexisting high FT4 and high TSH.* Resistance
to thyroid hormones can be classified as either central resistance to thyroid hormones, which is characterised by a decrease in
the pituitary response to thyroid hormones, and peripheral resistance to thyroid hormones, which is characterised by a decrease

in the peripheral bioavailability of thyroid hormones.> Central resistance to thyroid hormones is often accompanied by
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Figure 2 Stratified analyses and sensitivity analyses for the associations between thyroid hormone sensitivity tertiles and MCI. Model was adjusted for sex, diabetes
duration, education level, BMI, drinking history, hypertension history, HbAlc, fasting c-peptide, UA and DPN. T1, the first tertile; T2, the second tertile; T3, the third tertile.

peripheral resistance to thyroid hormones.** Previous studies based on human and animal models have confirmed that thyroid
hormone resistance is related to learning disabilities and attention deficit.***' However, to date, no study has investigated the
relationship between thyroid hormone sensitivity and MCI in euthyroid T2D patients. Given the complex interactions between
serum thyroid hormones and TSH, an increasing number of studies are beginning to investigate the thyroid status of subjects
using composite indices rather than single parameters.”****° Indices used to reflect central resistance to thyroid hormones
include TT4RI, TSHI and TFQI. The FT3/FT4 ratio is used as a measure of peripheral resistance to thyroid hormones. This
study attempted to evaluate thyroid hormone sensitivity through these comprehensive indicators and to analyse the relation-
ship between thyroid hormone sensitivity and MCI in order to unravel these contradictory relationships between thyroid
hormones and cognitive impairment.

An important finding of this study was that serum FT4 and TSH levels in the MCI group were higher than those in the normal
cognitive function group. This indicates that there is relative central resistance to thyroid hormones in this group. Furthermore,
high TT4RI, TSHI and TFQI were associated with an increased risk of MCI. These results further suggest that impaired central
thyroid hormone sensitivity is associated with MCI. The specific mechanism underlying the cognitive impairment caused by
impaired central thyroid sensitivity remains unclear. It is possible that under thyroid hormone resistance, impaired T3 receptor
binding may lead to abnormal axonal routing and neuron proliferation and migration, thus damaging brain structures and causing
cognitive damage.**' More in vivo and in vitro experiments are needed to explore the underlying pathophysiological
mechanisms of this relationship. In this study, a decrease in the FT3/FT4 ratio was associated with MCI. This indicates that
impaired peripheral thyroid hormone sensitivity is related to MCI. This result is consistent with previous research. Quinlan et al
showed that compared with the control group, the FT3/FT4 ratio in the AD group was lower.*> A decrease in the FT3/FT4 ratio
indicates that the peripheral transformation from FT4 to FT3 is reduced; this may be caused by a decrease in type 2-deiodinase
(D2) activity. Thr92AlaD2, a single nucleotide polymorphism commonly found in the DIO2 gene encoding D2, downregulates
D2 activity, thereby mediating a reduction in FT4 to FT3 conversion. Thr92AlaD2 has been reported to alter transcription in
processes associated with neurodegenerative diseases, such as the accumulation of the amyloid-p (AB) peptide.**** Importantly,
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the Thr92AlaD2 polymorphism has been found to be associated with AD risk in the African American population.*
Furthermore, Luo et al found a potential link between the Thr92AlaD2 polymorphism and MCI in a male Chinese Uyghur
population.*’ Since age is an important risk factor for MCI, we further carried out stratification and sensitivity analyses. The
results showed that age did not affect the relationship between thyroid hormone sensitivity and MCI. The prevailing perspective
suggests that the majority of patients with thyroid hormone resistance do not require treatment, as impaired thyroid hormone
sensitivity can be compensated by elevated levels of thyroid hormones.* However, considering that impaired sensitivity to
thyroid hormones may adversely affect the cognitive function of patients, thyroid hormone agonists should be actively developed
as a promising treatment for impaired thyroid hormone sensitivity, thus mitigating the adverse effects on cognitive impairment.

The current findings support the guideline recommendations for screening thyroid function in patients with cognitive
decline.*® Moreover, this study introduces a novel perspective by demonstrating that the investigation of thyroid function
should not be confined to single hormone alterations but should instead encompass an evaluation of sensitivity to thyroid
hormones. In short, these findings may contribute to new strategies for clinically predicting the onset or progression of
cognitive impairment and this, in turn, could contribute to the effective management of human health and extend human
life expectancy. Nonetheless, it is essential to acknowledge the limitations of the current study. Firstly, as this was
a cross-sectional study, no causal inferences can be made. Secondly, the small sample size obtained from a single centre
may limit the generalization of the results. Future multicentre cohort studies are warranted to enhance our understanding
of this association and obtain more comprehensive and reliable results. Additionally, serum total T3, serum total T4,
cerebrospinal fluid thyroid hormones and serum D2 activity were not measured in this study.

Conclusion

In summary, the present study found that impaired thyroid hormone sensitivity may be associated with an increased risk
of MCI in euthyroid T2D patients. Although this research provides new insights for the diagnosis and management of
MCI in patients with T2D, large multicentre prospective studies are needed to verify these findings.
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